Different carbon-based materials have been compared for the development of NADH sensors: glassy carbon electrodes (GCE), multiwalled carbon nanotubes (MWCNT), and carbon black (CB). The GCE and MWCNT has been subjected to oxidative pretreatment to study the influence of oxidative groups for NADH oxidation. The materials had been characterized by FT-IR to identify the surface composition. The response of bare (GC) and GC/modified electrodes toward potassium ferricyanide have been employed to obtain information about the electroactive area and electron transfer rate. Studies of NAD + /NADH redox behavior showed that MWCNT and GCE exhibit high degree of passivation while CB shows no fouling effects. Catalytic effect of surface-oxygenated groups was also proved for GCE and MWCNT, and both, O-GCE and O-MWCNT, exhibited a lower oxidation overpotential compared to the respective untreated materials. Chronoamperometric quantification showed a linear dependence between 2-18 μmol·L −1 and a detection limits of 6.2 μmol·L −1 (GCE), 5.4 μmol·L −1 (O-GCE), 3.2 μmol·L −1 (GCE/ CB), 9.6 μmol·L −1 (GCE/MWCNT), and 4.9 μmol·L −1 (GCE/O-MWCNT) were obtained. The analytical performances suggest that a careful choice of the material for NADH sensing is necessary depending on the sensor application.
Introduction
The electrochemical behavior of NADH/NAD + redox couple has been widely studied because of the importance of this compound as cofactor in several biochemical processes. Oxidation of NADH occurs at high anodic overpotentials employing the most common electrode materials (i.e., glassy carbon and graphite) and implies the transfer of 2 electrons and one proton and the formation of NAD + molecule, which is reduced at high cathodic overpotentials for regenerating NADH molecule [1] [2] [3] .
A significant decrease in the overpotential for NADH oxidation has been achieved using carbon-based nanomaterials. Different studies have demonstrated that oxygen-rich groups and quinone-like structures formed on the surface of carbon-based materials can promote the oxidation rate of NADH, working as "redox mediators" in electron transfer [1, [4] [5] [6] . Materials such as glassy carbon (GC), multiwalled carbon nanotubes (MWCNT), graphite, pyrolytic graphite (PG), graphene, and carbon black (CB) have been proposed as electrodes for NADH sensing [2, 5, [7] [8] [9] [10] . All these materials are based on carbon; however, properties such as crystallinity, electron conductivity, hardness, and surface functional groups are significantly different. GC is a nongraphitizable carbon, combining glassy and ceramic properties of graphite. The structure obtained is generally as randomly intertwined ribbons of graphitic planes not presenting many functional groups at its surface beyond alkyl and aromatic groups, which are characteristic of the graphitic planes [11] . On the other hand, electrochemical oxidation of GC in basic or acidic media has been tested as a surface modification methodology and has been demonstrated that heterogeneous transfer constant and capacitance are increased [12] . Multiwalled carbon nanotubes (MWCNTs) are cylindrical graphite-based molecules which have unusual properties, exploitable in areas like nanotechnology, electronics, optics, and other fields of material science and technology. MWCNTs have sp2-carbon units with few nanometers in diameter and many microns in length which allow surface modification with several functional groups [5, [13] [14] [15] . Carbon black (CB) is a nanomaterial produced by the incomplete combustion of heavy petroleum products such as coal tar, ethylene cracking tar, and a small amount from vegetable oil. The chemical and physical properties of carbon black are strongly influenced by the presence of surface oxides formed during the manufacturing process. Typically, CB has a graphitic-based structure characterized by a large number of defect sites which facilitate the presence of different functional groups as carboxylates, quinones, phenols, and aldehydes [9, 11, 16] . CB consists of spherical carbon primary particles, which typically form aggregates of ten or more spheres. The production of a stable CB nanodispersion is affordable and does not require sophisticated instrumentation [17] . Thus, CB has been largely used as a nanomaterial in sensing and biosensing [18, 19] . Nevertheless, studies about NADH electrochemical response over these materials are mainly focused on the catalytic activity, disregarding adsorption effects of oxidation products and fouling of electrode surface.
Depending on the electrode material, it has been demonstrated that NAD + produced from NADH oxidation can be strongly adsorbed on the electrode surface, causing fouling and loss of electrochemical response. This behavior limits the use of sensors for practical applications and suggest using them as disposable. The adsorption of NADH onto surface electrodes has been well studied by Elving at the end of the 1970s and the beginning of the 1980s [1, 4] . In these studies, Elving reported the adsorption phenomena of NAD + and the possibility of the formation of a (NAD) 2 dimer in the reduction step according to the reaction 2NAD + + 2e − →(NAD) 2 . The oxidation of the dimer is responsible for the appearance of an oxidation peak at lower anodic potentials with respect to the main oxidation process [1, 4] .
The majority of studies of NADH oxidation are focused on the oxidation processes, while NAD + adsorption and reduction are not widely studied and the decrease in electrochemical response over reused electrodes is not commonly reported.
In this work, a careful comparison study of the electrochemical behavior of NAD + /NADH redox couple has been carried out for sensors made of different materials: the classical glassy carbon and the recently widely used nanomaterial CB and MWCNTs. The aim was to properly correlate the electrochemical activity of NADH with the presence of oxygenated groups over the surface of the sensors and to understand the electrode surface modification during the sensing process. The study demonstrated that for complex redox reaction different considerations are needed to select the best material for the development of the appropriate sensors. 2.2. Electrochemical Measurements. All electrochemical measurements were carried out with a Metrohm-Autolab PGSTAT101 potentiostat-galvanostat. Typical three electrode configuration composed of GCE and modified GCE, Ag/AgCl, and Pt wire as working, reference, and counter electrodes, respectively, was used.
Materials and Methods

Preparation of Electrodes.
The GCE was polished with alumina powder of different size (1, 0.3, and 0.05 μm), 3 min each step, rinsed with Milli-Q water, dried with nitrogen, and cycled 10 times in PBS in the same potential range of the measurement to be carried out. O-GCE was obtained by electrochemical oxidation in basic media (KOH 1 M) according to the procedure reported by Anjo et al. [20] . Oxidation was carried out by fixing the potential at 1.2 V for 5 minutes until a stable current signal was achieved.
CB and O-MWCNT were suspended in Milli-Q water and sonicated for 2 hours until a stable 1 mg·mL −1 dispersion was obtained. The same protocol was carried out for MWCNT using ethanol as solvent. The preparation of GCE/CB, GCE/MWCNT, and GCE/O-MWCNT was carried out by one drop casting of 10 μL of each dispersion onto polished and cycled GCE electrodes and drying at room temperature.
Physicochemical Characterization of Carbon-Based
Materials. Samples were characterized using qualitative infrared spectroscopy analysis in a Nicolet 6700 spectrometer, equipped with an MCT/A detector, and operated in a wavenumber ranging from 800 cm −1 to 4000 cm −1 . For MWCNT, O-MWCNT, and CB, pellets were prepared with a sample/KBr weight ratio of 1/3000. Samples and pellets were heated, before the analysis, at 150°C in order to remove the water. For GCE and O-GCE, an ATR module was used.
The effective working area of the electrodes was determined from the slopes obtained for the graphs of I p versus v 1/2 and using the Randles-Sevcik relationship for the one-electron redox process of 1 mmol·L Journal of Sensors
The heterogeneous rate constants (k 0 ) were calculated from the difference of anodic and cathodic peak potentials, obtained for the same experiments used to obtain the electroactive area. The Nicholson method [23] was used, considering α equal to 0.5 (owing to the fact that I pa /I pc value is very close to unity). (I pa : anodic peak current; I pc : cathodic peak current).
2.5. NADH Measurements. Cyclic voltammetry (CV) at different potential ranges and scan rates were performed. Chronoamperometric (CA) experiments were carried out by fixing oxidation potentials according to the cyclic voltammetric data.
Plots of scan rate and the square root of scan rate were compared versus peak current in order to verify the type of electrochemical control of the NADH oxidation over the carbon-based materials. After each scan rate, every electrode was carefully washed with Milli-Q water in order to remove NADH oxidation products. Finally, chronoamperometric curves were obtained for NADH concentrations in the range of 2-18 μmol·L −1 by adding aliquots of NADH in PBS solution under constant stirring.
Results
Surface and Electrochemical
Characterization of CarbonBased Materials. FT-IR spectra obtained for the different carbon-based materials studied are reported in Figure 1 . GC (Figure 1(a) ) did not exhibit relevant signals; this is in agreement with the literature [11, 12] . The low-intensity band in the 3100-3400 cm −1 area can be related to the formation of -OH groups, and the signals at 1500-1700 cm can be attributed to stretching of the carbonyl groups (Figure 1(b) ). However, the very low absorption indicates the poor content of carbonyl and hydroxyl groups on the GC surface. This is was also obtained by Yi and coworkers [12] .
MWCNTs and O-MWCNTs ( Figure 1 (c and e)) present significant differences. A band at 3470 cm −1 is present for O-MWCNT and can be attributed to OH stretching of carboxyl and hydroxyl groups. Both materials show signals in the range of 2950-2830 cm −1 that can be assigned to the stretching of C-H bonds (vC-H 2 , C-H 3 ) of the carbonbased material. Bands at 1579 and 1576 cm −1 refer to C=C from aromatics. Absorption in the 1400 cm range corresponds to stretching of C-O, C-N aromatics, and aliphatics. The absence of bands at 3470 cm −1 and 1750-1630 cm −1 indicates no surface oxidation for MWCNT [11, 23] . The signal at 1545 cm −1 corresponds to the π bond between carbons. The absence of this band in GC and O-GC clearly demonstrates the difference in structural configuration between GC and MWCNT, oxidized or not [11] .
CB spectra (Figure 1(d) ) exhibit relevant signals at 3500 and 1200 cm −1 corresponding to hydroxyl groups and C-O stretching. Absorption at 1380 and 1050 cm −1 was also obtained; this can be assigned to the carboxylate groups. However, no band in the 1500-1800 cm −1 range was observed and is, then, not possible to confirm the presence of carbonyl groups. In this respect, it can be concluded that the main surface groups in CB are hydroxylic. Also, signals in the 2950-2830 cm −1 range typical of C-H bonds are present and can be attributed to CH 2 and CH 3 groups at the material surface [16] . Figure 2 reports the current peaks versus square root of scan rate plots, measured by cyclic voltammetry using ferro/ferricyanide redox couple for GCE, O-GCE, GCE/ CB, GCE/MWCNT, and GCE/O-MWCNT. All electrodes exhibit good linearity for the anodic and cathodic current peaks as a function of the square root of the scan rate; this behavior indicates a semi-infinite linear diffusion-controlled current [21] for ferro/ferri cyanide reaction. According to 3 Journal of Sensors the Randles-Sevcik equation, the slope of every curve can be related with the electroactive area of the electrode [21, 22] . Also, Nicholson introduced a method to calculate k 0 (heterogeneous electron transfer constant) using the difference between oxidation and reduction potential at different scan rates. The values obtained are summarized in Table 1 .
The smallest electrochemical area was obtained for GCE that is consistent with the lower value for k 0 . O-GCE exhibited a larger area, owing to the treatment removing passive films over the material and giving active sites onto the electrode surface. This effect is more evident for k 0 value evidencing the increase of the electrochemical performances of the pretreated GC [20] . CB, MWCNT, and O-MWCNT are nanomaterials, and, for this reason, are expected that they have the larger areas. The large area obtained for GCE/O-MWCNT can be attributed to some imperfections caused by the oxidative treatment [24, 25] . k 0 values for CB and MWCNT are in the same order of magnitude, while the O-MWCNT rate is significantly high with respect to the other nanomaterials. Thus, oxygenated groups at the material surface apparently improve the process of charge transfer (O-GCE is higher than GCE, and O-MWCNT is higher than MWCNT). Taking into account that carbon nanotubes itself have high value of charge transfer, the presence of oxygenated groups onto nanotubes, as for O-MWCNT, explains the higher value for k 0 .
Electrochemical Response for NADH Using Different
Carbon-Based Materials. Figure 3 reports the cyclic voltammetries for NADH for all the studied materials. As expected, the anodic peak potential (Ep,a), corresponding to NADH oxidation, is different for all the materials tested. The highest Ep,a was obtained for GCE (0.698 V); a decrease of the potential needed for oxidation down to 0.464 V was observed for O-GCE. GCE/CB had Ep,a similar to O-GCE (0.442 V), while GCE/MWCNT (0.085) and GCE/O-MWCNT (0.054 V) had very low voltammetric anodic peaks. The decrease in oxidation overpotential and also the k 0 values reported in Table 1 implies a catalytic effect of the materials, being more significant for MWCNT and O-MWCNT, in agreement with the literature [2, 8, 25, 26] . The data obtained for GCE/CB are also in agreement with the literature, Arduini et al. [9] demonstrated, using a screen-printed electrode modified with CB, the CB ability to reduce the Ep,a for the NADH oxidation. In our case, the Ep,a reduction results more evident because of the intrinsic lower reactivity of GCE towards NADH. Surface oxidation improves the catalytic effect for NADH oxidation; this can be noticed looking at the GCE/O-GCE and MWCNT/O-MWCNT pairs. The effect for NADH oxidation has been reported previously in the literature and is related to the interaction between the deprotonation step in NADH oxidation and the capacity of the oxygenated groups to accept the proton stabilizing the radical-cation formed [25, 27] .
From cyclic voltammetry, it is possible to obtain an expression for heterogeneous transfer constant for the NADH oxidation process, using the correlation between the peak current (I p ) and the voltammetric charge (Q) at a fixed scan rate and analyte concentration.
In order to evaluate the type of electrochemical control for NADH oxidation on the electrodes surface, graphs of scan rate and the square root of scan rate versus I p were built (Figure 4) . Figure 4 (a) reports the peak current as a function of the scan rate. It can be noted that only for GCE/MWCNTs and GCE/O-MWCNTs, a linear trend was obtained (r 2 = 0 9960 and 0.9939, resp.). Linearity is a characteristic of systems in which adsorption phenomena over electrode's surface have a major incidence in the electrochemical reaction. On the other hand, considering peak current versus square root of scan rate, linearity is found for GCE/O-GCE and GCE/CB (r 2 = 0 9737 and 0.9931, resp.). This is typical of reactions in which diffusion has more influence than the other kinds of kinetic controls on the electrochemical reaction. For GCE, linearity was not achieved by plotting peak current either versus scan rate or versus square root of scan rate; this indicates a mixed control type of reaction. Surface covering parameter (Γ) was calculated from the slope values obtained for MWCNT and O-MWCNT plots in Figure 4 (a), based on the following. Journal of Sensors where I p is the peak current, n is the number of transferred electrons, A is the electroactive area, C is the NADH concentration, v is the scan rate, Γ is the surface covering parameter, R is the gas constant, F is the Faraday constant, and T is the absolute temperature. The surface covering parameters obtained for GCE/ MWCNT and GCE/O-MWCNT were 4.17 × 10 −7 and 3.43 × 10
. This suggest that the MWCNT and O-MWCNT are probably equally affected by NAD + adsorbed after NADH oxidation.
Control of NADH oxidation for the different carbonbased materials tested resulted in different main control adsorption for the MWCNTs sensors, diffusion for O-GC and CB-GCE, and mixed control for O-GC. This is a key parameter in developing sensors since not only the chemical species reacting at the electrodes are significant but also the reaction product that can migrate to the bulk solution or remain adsorbed at the electrode surface. The latter case leads both to electrode passivation (fouling), which implies a decrease in the electroactive area, and in the decrease of electrocatalytic current for NADH oxidation. Evaluation of NAD + adsorption after NADH oxidation was carried out running 5 consecutive CVs ( Figure 5 ) at 1 mmol·L . GCE and GCE/CB (Figures 5(a) and 5(c) ) did not exhibit any change for the anodic and cathodic peaks during the 5 cycle run confirming poor absorption of the reaction products. O-GCE ( Figure 5(b) ) exhibited a decrease of the oxidation peak current between first and second cycle, and after this cycle, the peak current remains stable; the cathodic potential peak has not significant variations. Figures 5(d) and 5(e), corresponding to GCE/MWCNT and GCE/O-MWCNT, show a different, and more complex, behavior compared with the other three sensors. During the first cycle, both materials exhibit one anodic and cathodic peak (2 and 2′). The anodic peak continuously decreases in function of the number of cycles while the cathodic continuously increases. Moreover, on the second cycle, a new anodic peak appears at 0.203 V for GCE/MWCNT and at −0.140 V for GCE/O-MWCNT (peak 1); the latter increases with CVs. Finally, an additional reduction peak at −0.830 V (1 ′ ) was found for MWCNT/GCE ( Figure 5(d) . In order to confirm that the peak 1 in Figures 5(d) and 5(e) depends on the reduction reaction (i.e., is the oxidation peak of the NAD dimer adsorbed and reduced at the electrode surface), cyclic voltammetries starting at lower cathodic potentials were run −0.7 V for GCE/ MWCNT and −0.5 V for GCE/O-MWCNT (Figures 6(a)  and 6(b) ). The CVs confirmed that effectivity, peak 1 described in Figure 5 , depends on the reduction reaction, since it disappeared in both cases.
According to these voltammograms, the following mechanism can be proposed for NADH/NAD + over GCE/ MWCNT and GCE/O-MWCNT:
In the first anodic scan,
Reduction process at the first cathodic scan
Oxidation from the second scan onwards
The reported mechanism is very similar to that described by Moiroux and Elving [4] for NADH oxidation onto glassy carbon, pyrolytic graphite, and platinum.
Recent works for NADH oxidation studies onto chemically oxidized single-walled carbon nanotubes have shown experimental data in which two peaks are obtained for the oxidation process, but no discussion was reported [27] . All Journal of Sensors the data reported have shown that the NADH oxidation process using GCE/MWCNT and GCE/O-MWCNT is strongly subjected to adsorption and, then, rapid passivation of the electrode surface. Finally, chronoamperometric experiments were carried out to check linearity of the current response in function of NADH concentration. Different fixed potentials were employed according to Ep,a obtained by voltagrams reported in Figure 3 , and the same electrode was used under all the corresponding chronoamperometric experiment. Results are reported in Figure 7 . Fouling is expected to have a strong effect on this kind of experiments, because the fixed potential implies the constant formation of NAD + on electrode surface for each NADH addition and also because each current point was obtained from the mean current data captured by 60 seconds which means that all the experiment was carried out by 10 minutes. According to this, the slope must be considerably affected as several NADH additions are made, causing a drop in the response current for the last additions. Slope value, determination coefficient (r 2 ), limit of detection (LOD), and limit of quantification (LOQ) are presented in Table 2 .
Satisfactory determination coefficients were observed for all sensors but there are significant differences in the slopes and limits of detection.
Highest slope and lowest detection limits were obtained for GCE/CB, indicating the good behavior of this material for NADH oxidation. On the other hand, the lowest slope was obtained for GCE/MWCNT with a high limit of detection compared with the other materials. This can be attributed to the passivation process after NADH oxidation which produces a decrease in the current response. Also, O-GCE exhibits a poor amperometric response and loss of linearity for the last points. This sensor did not exhibit the peaks due to dimer formation; however, the voltammogram (Figure 4(b) ) exhibited a considerable decrease of the anodic 
Conclusions
The electrochemical response of NADH of different sensors made of carbon-based materials has been evaluated. The effect of surface oxygen-rich functionalities and the type of structural proprieties of the material were related with catalytic effect for the NADH oxidation. According to the oxidation peaks obtained for NADH, oxygen-rich materials confers a catalytic effect for the oxidation of the molecule.
As expected, and reported in the literature, MWCNT and O-MWCNT exhibited the lowest potential for the oxidation and high catalytic activity. CB which has a graphitebased structure and nanometric size exhibited also good catalytic activity.
A study of the passivation of the sensors gave high passivation for GCE/MWCNT and GCE/O-MWCNT, probably due to the morphology of the material. Both materials showed the appearance of a cathodic peak that can be assigned to the formation of a (NAD) 2 dimer due to a strong NAD + adsorption over the surface of the electrode. Chronoamperometric measurement confirmed that passivation strongly influences the analytical behavior of the sensors indicating as the best sensor the CB-GCE despite the higher oxidation potential and lower heterogeneous rate constant with respect to O-MWCNTs. This study clearly demonstrates that a careful study is needed for the selection of the appropriate material to develop chemical sensors for organic compounds. This selection must not be only directed to assess the highest response or the lower applied potential useful for the redox reaction. Complex phenomena occurring at the electrode surface, as those reported in this paper for NADH oxidation, can result in the wrong choice of material and voltammetric technique used. For example, in the case reported, O-MWCNTs appear to be the best carbon-based material among those tested, but only if a very low applied potential is required for the analysis (i.e., analysis directed in a medium with potentially oxidizable interfering compounds) and it should be used as disposable sensor with a rapid voltammetric technique (i.e., differential pulse voltammetry). If the potential is low enough and it will be necessary to run calibration measurement cycles or to carry an analysis for few seconds or minutes (as for enzymatic analysis), the CB-GCE option would be definitively more applicable.
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